Conventional methods to investigate ionophore concentration require complex laboratory equipment. One approach to reduce the size of devices for the biosensor application is the implementation of the sensor circuits on CMOS microchips. Thus a new approach for the detection of changes in the ionophore concentration in tethered Bilayer Lipid Membranes (tBLMs) implemented in CMOS has been developed. In case of ion transport across the membrane by ionophores the ion concentration in the spacer region of the membrane is increased. This causes a permittivity increase and therefore a change of the capacitance of the spacer region which can be measured. The advantages of the capacitive biosensor principle are label-free measurements with short measurement times in the millisecond range. The test of the sensor chip with a circuit that mimics the membrane shows very good agreement between simulation and measurement. In addition, a Valinomycin concentration of 100 nM has been detected. An estimation of the detection limit gives a value of about 10 pM.
Introduction
Detecting and quantifying ionophore activity is of utmost importance for biosensor applications, e.g. in the field of drug screening or the point-of-care-testing [1] . The biological functionality of ionophores, embedded in biomimetic membranes, can be determined by the evaluation of the change of the impedance across the membrane. The measurements can be performed with conventional methods like Electrochemical Impedance Spectroscopy (EIS) [2] or Patch Clamp [3] . However, they require complex laboratory equipment with heavy devices and in case of EIS long measurement times. One approach to reduce the size of devices for the biosensor application is the implementation of the sensor circuits on CMOS microchips. Weerakoon et al. developed an integrated Patch Clamp approach in which a conventional glass pipette was substituted by an aperture in a planar CMOS structure. The cells are adhered on the aperture through suction and therefore the complex microadjustment of the pipette is eliminated [4] . Yang et al. have developed an integrated CMOS circuit with a new EIS algorithm. The measurement result is given in an admittance graph. With that approach for EIS the read out of the sensors proceeds more rapidly than with normal EIS within 20 ms [5] . A drawback, which consists, however, is that the measurement result has to be extracted from a graph. Both described methods are based on the change of the membrane resistance. Vockeroth et al. showed for the AChR ion channel M2 [6] that the spacer capacitance also changes in case of ion transport across the membrane. Since the change of spacer capacitance is smaller than the change of the membrane resistance, the effect has not been further investigated for the applicability in biosensing, yet. For CMOS integration of a sensor circuit the change in the spacer capacitance is an interesting aspect. Since the resistances of the biomimetic membranes are in the high Mega-Ohm range, they cause high noise voltages. Changes in capacitances, however, can be determined with a high read out accuracy with switched capacitor circuits [7] .
Tethered bilayer lipid membranes
Suitable biomimetic membranes for the embedding of ionophores are tethered bilayer lipid membranes, which are attached to a solid support via a spacer group to improve the long term stability of the biosensor [8] .
Glass slides with ultra flat template stripped gold (fabrication described in [9] ) have been exposed to a solution of di-phytanyl-glycerol-tetraethylene-glycol-lipoic-acid-esterlipid (DPTL) in Ethanol in a concentration of 0.2 mM. They have been left for 24 h to build the monolayer of the membrane via self-assembling. After rinsing in pure ethanol and drying in a stream of nitrogen, the slides have been assembled in a measurement cell having a volume of 1 ml and an electrode area of 0.07 mm 2 . A vesicle solution of a suspension of 1 mg/ml di-phytanoyl-glycerophosphocholine (DPhyPC) in water has been produced by extrusion (Mini Extruder Kit) as described in [9] . The extruder and the DPhyPC have been purchased from Avanti Polar Lipids. 20 l of the vesicle solution have been injected to the measurement cell and left for 17 h to form the bilayer via vesicle fusion [10] . Bilayer formation has been observed using electrochemical impedance spectroscopy with the  Autolab III potentiostat from Ecolab. The results have been plotted in a Bode Plot. The measurement data has been analyzed with the program ZVIEW and the equivalent circuit in Figure 2 of the membrane has been determined. In this work the ion carrier Valinomycin has been used as a test analyte. After the bilayer formation Valinomycin, diluted in Ethanol in a concentration of 0.2 mg/ml, was added to the measurement cell giving a total Valinomycin concentration of 100 nM. The corresponding Bode Plot has been recorded and analyzed accordingly to the bilayer formation. Figure 1 shows the electrochemical impedance spectra of the Monolayer, the Bilayer and the Bilayer after Valinomycin incorporation. The results are listed in table one. An increase of the membrane resistance from 15.3 M to 30.7 M during the bilayer formation can be observed. The membrane capacitance decreases from 8.9 nF to 7.4 nF due to the increase of the thickness of the membrane. After the incorporation of Valinomycin into the membrane the resistance decreases to 19.5 M. The membrane capacitance remains constant at 7.4 nF for this step, since the thickness of the membrane keeps constant. In addition, the spacer capacitance increases from 18.4 nF to 24.5 nF due to the increase of water molecules in the spacer region. 
Sensor circuit
The sensor consists of a CMOS chip with a readout circuit connected to an electrode with a tethered bilayer lipid membrane. The membrane has the ability to absorb Valinomycin peptides used in this work as test analyte. In case of ion transport across the membrane by Valinomycin the ion concentration in the spacer region of the membrane is increased. Together with ions also additional water is transported into the spacer region. Due to the significant higher permittivity of water compared to the spacer, the capacitance of the spacer region C Spacer is increased [11] . The advantages of the capacitive biosensor principle are label-free measurements with short measurement times in the millisecond range. A discrete circuit version has already been presented [12] . The change of the total capacitance C tot =C M *C Spacer /(C M +C Spacer ) is recorded in a quasi static performance to eliminate the resistances R M and R E . The main part of the sensor circuit, implemented in CMOS, is a switched capacitor circuit shown in Figure 1 [13] .
Figure 2: Equivalent circuit of the membrane (left) and CMOS sensor circuit (right).
The triggering of the circuit comprises two phases: A reset phase  to set the system into a defined state, and a read out phase  . In phase  no voltage is applied across the membrane and the offset voltage V OS loads the capacitor in the feedback loop. The output voltage gives a value of V bias (V mid =V bias ). In phase  a voltage of V in -V bias is applied across the membrane. The output voltage depends on the ratio of C tot and the capacitance C fb in the feedback loop. Voltages above 0.5 V across the membrane can cause damages. As during the switching of the sensor circuit higher voltages can occur, the node in the electrolyte remains undefined during that process. This is achieved by a subdivision of the phases into 1  , 2  , 1  and 2  . As the CMOS chip works with a power supply of 5 V, the output voltage is also limited to a range of 0 V to 5 V. Including the offset voltage the adaption of the circuit to the equivalent circuit of the membrane is enabled.
Test results
Before performing measurements with tBLMs, the CMOS chip has been tested with discrete electronic elements which mimic the equivalent circuit of the tBLM. The spacer capacitance C Spacer was varied from 4.5 nF to 8.9 nF in 100 pF steps while the other membrane parameters have been kept constant. The voltage across the membrane was 0.235 V. The corresponding output voltage has been recorded with an oscilloscope. For a comparison the CMOS sensor circuit has been simulated with the program "Spectre Circuit Simulator" from Cadence. For this purpose it is necessary to include the equivalent circuit of the membrane and the sensor surface. The values have been taken from the fit of the previously recorded Bode Plots. Finally, the results of the simulated output voltage and the measured output voltage of the sensor circuit are compared. 
Conclusion
A change of the output voltage due to a change of the spacer capacitance through Valinomycin incorporation with a switched capacitor circuit has been shown for the first time. A test of the sensor circuit gives a resolution of 1.89 V/nF. Short measurement times of 1 ms enable the observation of fast signal changes for real-time measurements and with an improved resolution the low detection limit allows recognizing small amounts of analytes. Together with the integration in CMOS, the here developed biosensor principle has a high potential for applications in the 10 pM to 0.1 M range, e.g. for the observation of thyroid functionality [14] . 
